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Stored non-structural carbohydrates (NSC) have been proposed as a key determinant
of drought resistance in plants. However, the evidence for this role is controversial,
as it comes mostly from observational, short-term studies. Here, we take advantage
of a long-term experimental throughfall reduction to elucidate the response of NSC to
increased drought 14 years after the beginning of the treatment in three Mediterranean
resprouter trees (Quercus ilex L., Arbutus unedo L. and Phillyrea latifolia L.). In addition,
we selected 20 Q. ilex individuals outside the experimental plots to directly assess
the relationship between defoliation and NSC at the individual level. We measured the
seasonal course of NSC concentrations in leaves, branches and lignotuber in late winter,
late spring, summer, and autumn 2012. Total concentrations of NSC were highest in
the lignotuber for all species. In the long-term drought experiment we found significant
depletion in concentrations of total NSC in treatment plots only in the lignotuber of
A. unedo. At the same time, A. unedo was the only species showing a significant reduction
in BAI under the drought treatment during the 14 years of the experiment. By contrast,
Q. ilex just reduced stem growth only during the first 4 years of treatment and P. latifolia
remained unaffected over the whole study period. However, we found a clear association
between the concentrations of NSC and defoliation in Q. ilex individuals sampled outside
the experimental plots, with lower total concentrations of NSC and lower proportion
of starch in defoliated individuals. Taken together, our results suggest that stabilizing
processes, probably at the stand level, may have been operating in the long-term to
mitigate any impact of drought on NSC levels, and highlight the necessity to incorporate
long-term experimental studies of plant responses to drought.
Keywords: drought, crown condition, growth, long-term, non-structural carbohydrates, starch, throughfall
manipulation
INTRODUCTION
Climate-related tree mortality has been observed worldwide in
all major forest biomes (Allen et al., 2010). Severe and recur-
rent droughts have been identified as a major contributing factor
of forest decline and mortality in central Europe (Bréda et al.,
2006; Rigling et al., 2013) and in the Mediterranean basin (e.g.,
Peñuelas et al., 2001; Martínez-Vilalta et al., 2002; Galiano et al.,
2010). Because more frequent and intense droughts are predicted,
particularly in the Mediterranean basin (IPCC, 2007), different
sensitivity of species to drought may cause widespread changes
in species distribution and community composition (Engelbrecht
et al., 2007; Choat et al., 2012; but see Lloret et al., 2012). Such
vegetation shifts may have important implications for ecosystem
function, land–atmosphere interactions and ecosystem services to
humans in general (Dale et al., 2000; Bonan, 2008; Anderegg et al.,
2012a).
Despite a growing research interest on the physiological mech-
anisms underlying drought-induced mortality, these mechanisms
are still poorly understood. McDowell et al. (2008) formalized
two main hypotheses: hydraulic failure and carbon starvation.
Hydraulic failure is hypothesized to occur when drought inten-
sity is sufficient to cause generalized cavitation in xylem conduits
as a result of very negative xylem water potentials, to the point
that the water column is broken and the water transport system
is impaired (Tyree and Sperry, 1989; Sparks and Black, 1999).
The carbon starvation hypothesis predicts that stomatal closure
to prevent desiccation causes photosynthetic carbon uptake to
diminish to near zero, and that continued demand for carbohy-
drates to maintain metabolism will deplete carbohydrate reserves,
leading eventually to starvation and death (McDowell et al.,
2008; Adams et al., 2009). Biotic agents, such as insects and
pathogens, can amplify or be amplified by both carbon starva-
tion and hydraulic failure (Shaw et al., 2005; Fettig et al., 2007).
However, these non-exclusive hypotheses are still controversial
(Sala and Hoch, 2009; Sala et al., 2010, 2012; McDowell et al.,
2011). Recent research has emphasized the links between the
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two previous hypotheses through the hydraulic system of plants
(McDowell, 2011) and how tree mortality implies a complex
cascade of changes involving interconnected plant systems over
multiple timescales (Anderegg et al., 2012b).
Although carbon reserve depletion has been considered one
of the most critical aspects for tree survival under drought
(McDowell et al., 2011; Sala et al., 2012), the role of stored
non-structural carbohydrates (NSC) in tree’s ability to cope
with stress is not well established. For instance, Adams et al.
(2009) investigated the response of trees to drought and increased
temperature under controlled environmental conditions and
attributed the earlier death of the trees under warmer tem-
peratures to increased respiration and consequent depletion of
carbon reserves, although hydraulic failure also occurred at death.
However, the study was criticized for its methodology (Leuzinger
et al., 2009) and for not adequately addressing alternative hypoth-
esis, for instance that drought could impact the mobilization
and long-distance transport of stored reserves even if the stored
C pool wasn’t entirely consumed (Sala, 2009; Sala et al., 2010).
Recently, Adams et al. (2013) provided additional evidence sup-
porting and refining the previous conclusion of a role of carbon
metabolism in the mechanism of drought-induced mortality,
at least for piñon pine. There is a growing number of stud-
ies showing an association between carbon reserves depletion
and drought induced mortality in different species (Piper, 2011;
Galiano et al., 2011; Adams et al., 2013; Galvez et al., 2013;
Hartmann et al., 2013; Mitchell et al., 2013), but there are also
counterexamples [e.g., Anderegg et al. (2012c); Gruber et al.
(2012); Mitchell et al. (2013) for two of the three species they
studied]. Overall, most studies have found either no reduc-
tion or even increases in carbohydrate reserves under moderate
drought (Sala and Hoch, 2009; Galvez et al., 2011; Woodruff
and Meinzer, 2011; Anderegg, 2012; Anderegg et al., 2012c),
which is consistent with the fact that growth is considered to be
more sensitive to drought than assimilation (cf. Sala et al., 2010).
Modeling results and some experimental evidence (cf. above) sug-
gest, however, that carbohydrate reserves should decline under
exceptionally long or severe droughts (McDowell et al., 2011).
Recent research has shown that mortality mechanisms may not
be defined at the organism level but rather within tree compart-
ments (Hartmann et al., 2013), thus measurements on different
organs will be necessary to understand physiological responses to
drought.
Carbohydrate storage has been traditionally considered a mea-
sure of carbon shortage or surplus for growth that reflects
the tree carbon source-sink balance: storage increases when
source supply by photosynthesis exceeds demands for growth
and maintenance, and decreases when demands exceeds supply
(Mooney, 1972; Chapin et al., 1990; Körner, 2003). This rea-
soning also assumes that NSC storage could be used by trees
to cope with stress and, under carbon deficit conditions, stored
carbon would be used until reserves are exhausted (Adams
et al., 2009; McDowell et al., 2011). However, an alternative
view has been recently proposed considering the NSC pool as
an active sink that competes with growth under water stress
conditions, suggesting that trees actively regulate storage at the
expense of short-term growth to optimize growth and survival
in the long term (Sala et al., 2012; Wiley and Helliker, 2012).
Studies examiningNSC in trees under varying conditions of water
availability support that drought-related reductions in growth
are not likely to be caused by constraints on carbon availabil-
ity (Körner, 2006; Millard et al., 2007; Sala and Hoch, 2009;
Woodruff and Meinzer, 2011). Another critical (and unexplored)
aspect is that a significant fraction of C allocated to the NSC
pool could be sequestered, becoming unavailable for the tree,
which could lead to temporary deficits in carbon supply, even-
tually reducing tree vigour and potentially leading to tree mor-
tality (Hoch et al., 2003; Millard et al., 2007; Gruber et al.,
2012).
If the short-term responses of stored NSC reserves to drought
remain unclear, much less is known about their response to
chronic drought. This is particularly critical for the understand-
ing and prediction of tree and forest responses to future cli-
mate scenarios (IPCC, 2007). Mediterranean-type ecosystems
have been traditionally considered highly resilient to distur-
bances (Westman, 1986). A key element of resilience is that
many Mediterranean shrubs and trees have efficient regenera-
tion strategies (e.g., resprouting) that allow for rapid recovery
after disturbances (Lavorel, 1999). However, resprouting gener-
ally depends on storage organs such as lignotubers (Canadell and
López-Soria, 1998) that can be depleted during tree resprout-
ing after disturbance (e.g., experimental logging, Canadell
and López-Soria, 1998; severe drought, Galiano et al., 2012).
Recurrent droughts may force individuals to use up carbon
reserves to resprout and recover, and would produce a pro-
gressive loss of resilience by depleting the ability to regener-
ate (López et al., 2009; Lloret et al., 2004). At the same time,
however, there is a plethora of stabilizing processes, acting
at scales ranging from the individual to the whole commu-
nity, which may provide effective mechanisms to mitigate the
effects of drought events and maximize resilience (Lloret et al.,
2012).
This study takes advantage of a long-term drought sim-
ulation experiment that has been running since 1999 in a
Mediterranean forest. This experiment has provided evidence of
different drought sensitivity across the three dominant woody
species, with Phillyrea latifolia L. being less affected by increased
drought than Quercus ilex L. and Arbutus unedo L. (Martínez-
Vilalta et al., 2003; Ogaya et al., 2003; Ogaya and Peñuelas,
2007a,b; Barbeta et al., 2013). However, the effect of the drought
treatment on stem growth and mortality in A. unedo and Q. ilex
was attenuated as the study progressed (Barbeta et al., 2013).
Here, we measured the concentrations of stored NSCs in
leaves, branches and lignotubers of these three co-occurring ever-
green species growing in control and droughted plots. We aimed
at (1) characterizing the seasonal change in NSC storage over
the course of one year in three evergreen Mediterranean species,
as well as the relationship between NSC concentrations and
growth; (2) determining the effect of long-term drought in the
amount and composition of NSC in the previous species; and
(3) assessing the relationship between canopy condition and NSC
concentrations in Q. ilex individuals, as this species has suf-
fered recent events of drought-induced defoliation in the study
area.
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MATERIALS AND METHODS
STUDY SITE AND EXPERIMENTAL DESIGN
The study was carried out in a holm oak (Quercus ilex L.) forest
in the Prades Mountains, NE Spain, located on the south-facing
upper slopes of the Torners valley (41◦21′ N, 1◦2′ E; 990m asl).
The climate is Mediterranean, with a mean annual rainfall of
609mm and a mean annual temperature of 12.2◦C (climate data
for the period 1999–2012 from an automatic meteorological sta-
tion installed at the site) (Figures 1A,B). Summer drought is
pronounced, with 65.3mm of rain on average from mid-June
to mid-September. The soil is a Dystric Cambisol over Paleozoic
schist, ranging between 35 and 90 cm in depth. Bedrock outcrops
are frequent and the terrain slope is around 25%. The holm oak
forest is dominated by Q. ilex L., P. latifolia L. and A. unedo L.
There are other evergreen species well adapted to dry conditions
(Erica arborea L., Juniperus oxycedrus L., Cistus albidus L.) and
occasional individuals of deciduous species (Sorbus torminalis
(L.) Crantz, Acer monspessulanum L.)
A long-term drought simulation experiment has been running
in the study area since 1999 (Martínez-Vilalta et al., 2003; Ogaya
et al., 2003; Ogaya and Peñuelas, 2007a,b; Barbeta et al., 2013).
The experimental design includes eight 15 × 10m plots located
at the same altitude along the slope. Half of the plots (randomly
selected) received the drought treatment and the other half did
not receive any treatment and were considered control plots. The
drought treatment consisted of partial rainfall exclusion achieved
by suspending 14m long by 1m wide transparent PVC strips to
channel water outside the plots, at a height of 0.5–0.8m above the
soil (see Appendix Figure A1). Strips covered approximately 30%
of the total plot surface. In addition, a 90 cm deep ditch was exca-
vated along the entire top edge of the upper part of the treatment
plots to intercept runoff water. Litter falling on the plastic strips
was regularly placed below them to ensure that differences in the
contents of soil nutrients among treatment and control plots were
attributable only to the availability of water for the decomposition
of this litter (Ogaya and Peñuelas, 2007b).
Soil water content and leaf water potentials were moni-
tored during the 14 years of drought simulation experiment.
Fully exposed leaves were collected from the upper part of the
canopy of five individuals per species and plot. Leaf water poten-
tials were measured immediately after leaf collection at mid-
day (1100–1300 h, solar time) using a Scholander-type chamber.
Measurements were conducted once per season over the whole
14 years period. Over the overall studied period (1999–2012),
soil water content was significantly lower in the drought treat-
ment compared with the control plots (−18.06% ± 3.02); the
effect ranging from 25–30% in volume during the rainy seasons
to 5–10% during summer droughts (Barbeta et al., 2013). Annual
measurements of the diameter (at 50 cm height) of all living stems
larger than 2 cm allowed us to estimate basal area increment (BAI)
for the whole studied period at both the individual and plot levels.
FIELD SAMPLING METHODS
In mid-April (late winter, before bud-break), mid-June (late
spring), mid-August (summer) and late-October (autumn) 2012,
54 individuals were sampled from six of the experimental plots
FIGURE 1 | Environmental variables during the period of study. (A) Daily
temperature in 2012 and monthly average temperature during the years
1999–2012, (B) daily accumulated precipitation in 2012 and monthly
accumulated precipitation during the years 1999–2012 and (C) seasonal
patterns of midday leaf water potentials during 2012. Bars represent standard
error (n = 3 plot averages).
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(Table 1) described in the previous section (three treatment
and three control plots). The other two plots were not sam-
pled because they did not contain individuals of the three study
species. In each plot, we randomly selected three individuals of
each species: Q. ilex, P. latifolia, and A. unedo. These same nine
individuals per species were sampled over the study period.
Quercus ilex individuals inside the plots did not show con-
trasted responses in terms of defoliation at the time of sampling.
Thus, we selected 20 additional Q. ilex individuals outside the
plots with different crown condition: 10 individuals with >50%
of green leaves (healthy) (average ± standard error = 87.5% ±
2.0) and 10 individuals with <50% of green leaves (defoliated)
(27.5% ± 3.7). We visually estimated the percentage of green
leaves relative to the amount in a healthy canopy of a similar
sized tree in the study area. This estimation was always carried out
by the same observer to minimize error. The diameter at breast
height (DBH) was measured for all living stems larger than 2 cm
of each sampled individual.
In all cases, three different tissues (leaves, branches, and ligno-
tuber) were collected from each sampled individual to measure
the concentrations of stored NSCs. One-year old and current year
leaves were collected for the first (late winter) and the other (late
spring, summer, autumn) samplings, respectively. Most P. latifolia
and A. unedo individuals had lost the one-year old leaves by the
second sampling, hence, we decided to sample current year leaves
for the three species in order to make the rest of measures of NSC
comparable across species. To minimize diurnal variability in
NSC, leaves were always collected between 12:00 pm and 3:00 pm
(solar time). During the second sampling (late spring), an infes-
tation by the caterpillar Catocala nymphagoa was detected in the
study area, which mainly affectedQ. ilex individuals. However, its
effects did not differ between treatment and control plots (Ogaya
et al., submitted). Branch samples were ∼0.5 to 1 cm in diameter
(with bark removed). Lignotuber samples were ∼1 cm thick in all
cases (with bark removed). Assays with lugol solution indicated
that inQ. ilexmost NSC are stored in this∼1 cm thick outer layer.
In P. latifolia and in A. unedo, NSC may reach deeper lignotuber
layers, up to 2 cm ormore (data not shown). However, we decided
to standardize samples at ca. 1 cm thick to allow direct compara-
bility at the tissue level. Immediately following collection, all sam-
ples were stored inside paper bags and placed on ice in a cooler.
NON-STRUCTURAL CARBOHYDRATES ANALYSES
All samples were microwaved for 90 s within a few hours of
collection to minimize continued enzymatic activity, oven-dried
for 72 h at 65◦C and ground to fine powder. Non-structural
carbohydrates (NSC) were defined as free sugars (glucose and
fructose), sucrose plus starch and were analyzed following the
procedures described by Hoch et al. (2002) with some minor
modifications (cf. Galiano et al., 2011). Sapwood powder (∼12
to 14mg) was extracted with 1.6ml distilled water at 100◦C for
60min. After centrifugation, an aliquot of the extract was used
for the determination of soluble sugars (glucose, fructose and
sucrose), after enzymatic conversion of sucrose and fructose into
glucose (invertase from Saccharomyces cerevisiae and glucose hex-
okinase (GHK) assay reagent, I4504 and G3293, Sigma-Aldrich,
Spain). Another aliquot was incubated with an amyloglucosidase
from Aspergillus niger (10115 Sigma-Aldrich) at 50◦C overnight,
to break down all NSC (starch included) to glucose. The con-
centration of free glucose was determined photometrically in a
96-well microplate reader (Sunrise™ Basic Tecan, Männedorf,
Switzerland) after enzymatic (GHK assay reagent) conversion of
glucose to gluconate-6-phosphate. The dehydrogenation of glu-
cose causes an increase in optical density at 340 nm. Starch was
calculated as total NSC minus soluble sugars. All NSC values are
expressed as percent dry matter.
STATISTICAL ANALYSES
We used general linear mixed models to study the seasonal pat-
terns of midday leaf water potentials during 2012. We included
Table 1 | Characterization of the six plots studied (mean ± SE, n = 3 plots).
Treatment plots Control plots
Arbutus unedo L. Density 2013 (stems ha−1) 1022±235 1822± 289
Basal area 2013 (m2 ha−1) 4.418±1.598 9.849± 2.520
BAI 1999–2012 (m2 ha −1 year−1) 0.014±0.042 0.152± 0.027
Annual stem mortality rate (1999–2012) 0.010±0.008 0.006± 0.005
Phillyrea latifolia L. Density 2013 (stems ha−1) 6600±3936 5711± 3004
Basal area 2013 (m2 ha−1) 7.950±5.067 6.107± 3.650
BAI 1999–2012 (m2 ha −1 year−1) 0.057±0.053 0.052± 0.028
Annual stem mortality rate (1999–2012) 0.008±0.005 0.006± 0.001
Quercus ilex L. Density 2013 (stems ha−1) 4333±1674 5644± 1325
Basal area 2013 (m2 ha−1) 27.660±12.497 34.192± 7.799
BAI 1999–2012 (m2 ha−1 year−1) 0.001±0.130 0.147± 0.135
Annual stem mortality rate (1999–2012) 0.037±0.017 0.021± 0.002
All species Total basal area 1999 (m2 ha−1) 39.02±8.08 45.24± 1.53
Total basal area 2013 (m2 ha−1) 40.03±8.83 50.15± 2.06
Mean annual stem mortality rate was calculated as m = 1 − [1 − (No − Nt) / No]1/t as described in Sheil et al. (1995), where No and Nt are the live stem counts at
the beginning and the end of the corresponding time period (t = 14 years). Abbreviations: BAI, basal area increment.
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species, treatment and season as explanatory fixed factors and
midday leaf water potentials as a response variable. Plot effects
were modeled as a random factor to account for the spatial
autocorrelation among individuals within a plot.
Similar general linear mixed models were used to study the
growth of the three co-occurring species (Q. ilex, P. latifolia and
A. unedo) in terms of stem BAI in the two non-overlapping peri-
ods: 1999–2002 and 2003–2013. These periods separate an initial
phase in which treatment effects on radial growth were observed
for A. unedo and Q. ilex (Ogaya and Peñuelas, 2007b), from the
following time period. In this case we included species, treatment
and period as explanatory fixed factors and annual stem BAI of
the corresponding period as response variable. Random effects
included individual nested into plot, to account for temporal and
spatial autocorrelation.
We also used general linear mixed models to assess the effect of
individual- and plot-level variables on the amount of stored NSC.
It should be noted that throughout the manuscript NSC is used to
refer generically to NSC, while TNSC is used to refer specifically
to the total value (sum of starch and soluble sugars).Two models
were fitted for each species, one to study the total concentration of
NSC (TNSC) and a second one to study its composition (soluble
sugars vs. starch), expressed as the ratio of soluble sugars (glucose,
fructose and sucrose) to TNSC. These two variables, TNSC and
Soluble sugars:TNSC, were normally distributed and, thus, were
directly used as the response variable in the first and the second
model, respectively. In all cases we started with the same satu-
rated model, including treatment (plot-level), tissue and season
as explanatory fixed factors, and basal area and BAI as covariates,
together with all two-level interactions. Random effects included
individual nested into plot, to account for temporal and spatial
autocorrelation. It should be noted that some P. latifolia individ-
uals had zero NSC reserves and the ratio between soluble sugars
and TNSC could not be calculated. These individuals were there-
fore not considered in the Soluble sugars:TNSC model. For all
explanatory factors, one group was considered the reference, the
effect for which was incorporated in the model intercept term,
and the effect of each was considered relative to the reference.
The reference tissue was lignotuber, the reference period was late
winter, and the reference treatment was control.
Similarly, to assess the relationship between defoliation and
NSC in Q. ilex individuals sampled outside the plots, we con-
ducted two general linear mixed models with individual effects
modeled as a random factor. As before, one model had the con-
centration of TNSC as response variable, whereas the other had
the ratio between soluble sugars and TNSC. Explanatory fixed
variables included crown condition, tissue and season as factors
and basal area as a covariate. In this case, the reference tissue was
lignotuber, the reference period was late winter, and the reference
treatment was healthy individuals.
Finally, four general linear models were performed to investi-
gate the relationship between growth and TNSC concentrations
in the three co-occurring species: two with the seasonal varia-
tion of TNSC (difference between the maximum and minimum
NSC value), in branches or lignotuber, as response variable;
and the other two with the seasonal average of TNSC, again in
branches or lignotuber, as response variable. Response variables
were normally distributed in all cases. The four models had
species identity as explanatory fixed factor and individual BAI of
the last three years as covariate. A. unedowas considered the refer-
ence. We did not fit analogous models for TNSC in leaves because
different cohorts were sampled in different sampling campaigns
(cf. above) and, therefore, TNSC concentrations were not strictly
comparable.
In all cases model selection was based on Akaike’s infor-
mation criterion (AIC). We started from the saturated model
(with all two-order interactions) and progressively removed non-
significant explanatory variables until a minimal adequate model
with the lowest AIC was obtained. Models within 4 AIC units
were considered equivalent and the simplest one was selected.
Only in one case the difference between the simplest, selected
model and themodel with lowest AICwas higher than 2 AIC units
(2 < AIC < 4) and, in all cases, our main conclusions remain
the same regardless of the specificmodel selection criteria we used
(see Appendix Table A3). In all cases, the residuals of the selected
models showed no obvious pattern and were approximately nor-
mally distributed. Statistical analyses were carried out with R
version 2.13.2 (R Development Core Team, Vienna, Austria).
RESULTS
LONG-TERM DROUGHT EXPERIMENT
Annual BAI differed across species in the two studied periods
(1999–2002 and 2003–2013).Q. ilex showed lower BAI rates than
A. unedo but higher than P. latifolia [Figure 2A; (see Appendix
Table A2)]. A. unedo was the only species showing a signifi-
cant reduction in BAI under the drought treatment in the two
studied periods [Figure 2A; (see Appendix Table A2)]. Q. ilex
only showed a reduction in droughted plots in the first period
[Figure 2A; (see Appendix Table A2)] while P. latifolia did not
show significant differences between treatments in any of the two
periods. Using longer initial periods (e.g., 1999–2003) resulted in
similar qualitative patterns, but the treatment effects on Q. ilex
growth became non-significant, indicating that for this species
treatment effects had largely disappeared by the fifth year of treat-
ment (results not shown). At the plot level, the BAI dynamics
of the dominant species resulted in a sustained increase in basal
area in control plots from 1999 to 2013 (11% overall increase)
(Figure 2B). In contrast, in drought plots basal area did not
show any clear trend over the whole study period and there were
two multi-year episodes of declining basal area (2001–2003 and
2006–2008) (Figure 2B).
The year 2012 was slightly warmer (Figure 1A) and clearly
drier than the average of the 14 years of drought treatment, with
a total annual rainfall of 500.7mm, of which only 21.5mm fell
during the summer (mid-June to mid-September) (Figure 1B).
However, there were no significant differences between treatment
and control plots in midday leaf water potentials in 2012 in any
of the studied species, suggesting that water availability per capita
was similar regardless of the treatment [Figure 1C; (see Appendix,
Table A1)].
TNSC concentrations tended to be highest in A. unedo and
lowest in P. latifolia (Figure 3). Among tissues, TNSC concen-
trations were highest in the lignotuber for all species (Table 2A).
The long-term drought experiment did not result in a general
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FIGURE 2 | (A) Mean annual basal area increment (BAI) during the periods
1999–2002 and 2003–2012 for living stems of Quercus ilex (Qi), Arbutus
unedo (Au) and Phillyrea latifolia (Pl) individuals in control (black) and
drought (gray) plots, according to the results of the general linear mixed
model used to fit BAI data (see text for details). Each symbol represents
the value of the corresponding model coefficient, and bars represent their
standard errors (at the plot level). Asterisks indicate significant differences
between treatments within a species (P < 0.05). (B) Relative change in
basal area (BA) during the overall studied period (cumulative from 1999) for
living stems of all species in control (black) and drought (gray) plots. Bars
represent standard errors (n = 3 plots).
depletion of NSC reserves over the course of the studied year.
We only found significant differences in the concentrations of
TNSC between treatments in the lignotuber of A. unedo, with
individuals in the droughted plots showing lower concentrations
of TNSC (Table 2A). Some individuals of P. latifolia in late winter,
late spring and summer reduced NSC to zero in both control and
treatment plots.
In A. unedo, TNSC concentrations decreased in all tissues in
late spring and only in lignotuber tissue this reduction continued
during the summer (Figure 3;Table 2A). TNSC concentrations in
leaves were lower than in lignotuber, but higher than in branches
(Table 2A). P. latifolia and Q. ilex individuals showed similar
TNSC dynamics. In both species, TNSC concentrations changed
significantly over seasons, and differed significantly between tis-
sues. The effect of season on TNSC also differed significantly
between tissues (season-tissue interaction). In woody tissues,
TNSC values declined in late spring (Figure 3). Note, however,
that sampled leaves belonged to different cohorts in late winter
and the rest of sampling moments (see Materials and Methods).
In Q. ilex the spring TNSC reduction was more pronounced
in branches than in lignotuber (Table 2A). The seasonal reduc-
tion in the concentrations of TNSC was lower in treatment plots
for P. latifolia, particularly between late winter and late spring
(Table 2A).
The composition of NSC (soluble sugars vs. starch) changed
significantly over seasons and between tissues. The effect of season
on the composition of NSC also differed significantly between
tissues (season-tissue interaction) in all species, but treatment
effects were never significant. P. latifolia showed very low over-
all concentrations of soluble sugars with its proportion reaching
the highest value in late spring in leaves and branches, whereas
it increased significantly in autumn in the lignotuber (Figure 4;
Table 2B). In A. unedo, there was also an increase in the propor-
tion of soluble sugars in late spring. This increase was maintained
until summer in leaves and over the rest of sampled seasons in
branches, whereas the soluble sugars fraction continued increas-
ing until autumn in the lignotuber (Figure 4; Table 2B). The
soluble sugars fraction in lignotuber was significantly lower than
in leaves and branches in all seasons except in autumn, when
leaves had the lowest amount (Table 2B). In contrast to the other
two species, the soluble sugars fraction of leaves in Q. ilex indi-
viduals decreased significantly in late spring and increased in
summer. In branches, however, the proportion of soluble sug-
ars increased significantly in late spring but reached the highest
value in summer, while in lignotuber we only found a significant
increase in summer (Figure 4; Table 2B).
We did not find any relationship between growth of the last
three years and NSC concentrations in any species or tissue
(Tables 3A,B). We performed the same models taking into con-
sideration only the BAI of the last year (2012–2013), and we did
not find any relationship either (results not shown). These mod-
els, however, confirmed the presence of significant differences in
NSC concentrations between species. In branches, seasonal aver-
age TNSC concentrations were highest in A. unedo and lowest in
P. latifolia (Table 3A). In lignotuber, A. unedo and Q. ilex values
were not significantly different, but both were higher than those
for P. latifolia (Table 3B). With regard to the seasonal variation of
TNSC, we found significant differences between species for both
tissues: P. latifolia had the lowest variation in branches (Table 3A)
and Q. ilex in lignotuber (Table 3B).
Q. ilex INDIVIDUALS WITH DIFFERENT CROWN CONDITION
Clear differences in the concentrations of TNSC were observed
between Q. ilex individuals selected outside the plots with dif-
ferent levels of defoliation. TNSC concentrations were signif-
icantly affected by crown condition, tissue, season and their
interactions (Table 4A). TNSC concentrations were higher in
healthy individuals in all seasons in lignotuber, in late winter
and in summer in branches, and only in late winter in leaves
(Figure 5A; Table 4A). Lignotuber tissue reached the highest
TNSC concentrations and woody tissues showed a significant
TNSC reduction in late spring, more pronounced in branches
than in lignotuber and in healthy than in defoliated individ-
uals (Figure 5A; Table 4A). We found differences in soluble
sugar fraction between healthy and defoliated individuals in all
tissues, with healthy individuals showing lower concentrations
(i.e., more starch; Figure 5B, Table 4B). Lignotuber was the tis-
sue with the lowest soluble sugar fraction in late spring and
summer. In late winter and in autumn no significant differ-
ences were observed between branches and lignotuber (Table 4B).
Temporal patterns were similar to those previously described
for Q. ilex individuals within experimental plots (Figure 5B).
In leaves, there was a decrease of soluble sugars in late spring,
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FIGURE 3 | Percent dry matter concentrations of total
non-structural carbohydrates (TNSC) in leaves, branches and
lignotuber of Arbutus unedo, Phillyrea latifolia and Quercus
ilex in control (black) and drought (gray) plots. Samples were
collected in late winter (lw), in late spring (ls), in summer (s)
and in autumn (a) 2012. Asterisks indicate significant differences
between treatments (P < 0.05). Bars represent standard errors
(n = 9 individuals).
followed by an increase in summer and decline to earlier win-
ter levels in autumn (Figure 5B). In branches and lignotu-
ber, the proportion of soluble sugars increased until summer,
although this increase was stronger in branches (Figure 5B;
Table 4B).
DISCUSSION
DISTRIBUTION AND TEMPORAL VARIATION OF NSC
CONCENTRATIONS ACROSS SPECIES
The NSC concentrations measured in the present study were
comparable to the values previously reported for the same species
[e.g., inQ. ilex lignotuber by López et al. (2009) and Galiano et al.
(2012) and in A. unedo leaves by Meletiou-Christou et al. (1994)].
In our case, the concentrations of NSC and soluble sugars tended
to be highest in A. unedo and lowest in P. latifolia. Meletiou-
Christou et al. (1994) also found the highest amount of soluble
sugars in A. unedo compared to other Mediterranenan evergreen
sclerophylls.
It is normally assumed that resprouter species contain more
TNSC than those plants that cannot resprout (Verdaguer and
Ojeda, 2002), especially in their resprouting organs (Olano
et al., 2006). In our case, the lignotuber was the tissue with
the highest concentrations of TNSC and starch, in agreement
with the function of lignotuber as a reservoir of dormant buds,
carbohydrates and nutrients to ensure rapid regrowth after distur-
bances (Canadell and Zedler, 1995). Some previous reports, how-
ever, are not consistent with this view. Cruz and Moreno (2001),
for instance, found that in the Mediterranean shrub Erica aus-
tralismost TNSC were contained in the roots, followed by similar
TNSC concentrations in both lignotuber and stem tissues. The
authors suggested that lignotubers may not have been selected
as principal sites for carbohydrate storage to ensure resprouting
after disturbance. It should be noted, however, that differences in
TNSC concentrations in the different tissues may not necessarily
indicate differences in the total content of TNSC, which depends
on the concentration but also on the total biomass of each
organ.
Seasonal patterns of TNSC were influenced by phenological
events. In all studied species and woody tissues, bud-break was
associated to a decrease of TNSC concentrations, suggesting that
woody tissues provide carbon to support shoot growth. Körner
(2003) also found, in four Mediterranean species, a maximum
NSC concentration in leaves and branch wood at the end of win-
ter, and a significant reduction during spring. It is noteworthy
that in P. latifolia and Q. ilex we did not find a significant spring
reduction in the concentrations of TNSC in leaves, although this
result should be interpreted with caution because we sampled two
different leaf cohorts (see Materials and Methods). In evergreen
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Table 2 | Summary of the models for (A) total non-structural carbohydrates (TNSC) and (B) soluble sugars fraction for the individuals sampled
inside the experimental plots (see text).
Arbutus unedo L. Phillyrea latifolia L. Quercus ilex L.
Fixed effects Estimate SE DF P-value Estimate SE DF P-value Estimate SE DF P-value
(A)
(Intercept) 23.470 0.859 185 ns 14.571 0.834 184 *** 17.672 0.757 187 ***
Drought −3.434 0.846 4 * −1.233 0.889 4 ns – – – –
Autumn −11.047 1.007 185 *** −8.514 1.096 184 *** −4.091 0.985 187 ***
Late spring −6.659 1.007 185 *** −6.724 1.096 184 *** −2.886 0.985 187 **
Summer −10.361 1.007 185 *** −8.115 1.096 184 *** −4.705 0.985 187 ***
Branches −10.667 1.126 185 *** −7.912 0.949 184 *** −6.600 0.985 187 ***
Leaves −7.651 1.126 185 *** −10.075 0.949 184 *** −10.756 0.985 187 ***
Autumn:Branches 4.320 1.424 185 ** 3.526 1.342 184 ** −1.550 1.393 187 ns
Late spring:Branches −0.733 1.424 185 ns 0.033 1.342 184 ns −3.430 1.393 187 *
Summer:Branches 3.546 1.424 185 * 1.832 1.342 184 ns −2.286 1.393 187 ns
Autumn:leaves 4.595 1.424 185 ** 6.625 1.342 184 *** 1.246 1.393 187 ns
Late spring:leaves −0.196 1.424 185 ns 4.454 1.342 184 ** 2.808 1.393 187 *
Summer:leaves 2.869 1.424 185 * 5.125 1.342 184 *** 2.019 1.393 187 ns
Drought:branches 3.721 1.007 185 *** – – – – – – – –
Drought:leaves 4.184 1.007 185 *** – – – – – – – –
Drought:autumn – – – – 1.071 1.096 184 ns – – – –
Drought:late spring – – – – 2.612 1.096 184 * – – – –
Drought:summer – – – – 1.070 1.096 184 ns – – – –
(B)
(Intercept) 0.302 0.036 187 *** 0.025 0.048 173 ns 0.160 0.039 187 ***
Autumn 0.520 0.048 187 *** 0.216 0.062 173 *** 0.339 0.050 187 ***
Late spring 0.171 0.048 187 *** 0.070 0.062 173 ns 0.057 0.050 187 ns
Summer 0.357 0.048 187 *** 0.071 0.062 173 ns 0.296 0.050 187 ***
Branches 0.339 0.048 187 *** 0.015 0.062 173 ns 0.074 0.050 187 ns
Leaves 0.290 0.048 187 *** −0.026 0.064 173 ns 0.663 0.050 187 ***
Autumn:branches −0.182 0.067 187 ** 0.019 0.088 173 ns 0.150 0.071 187 *
Lates spring:branches 0.128 0.067 187 ns 0.495 0.093 173 *** 0.333 0.071 187 ***
Summer:branches −0.002 0.067 187 ns 0.133 0.090 173 ns 0.414 0.071 187 ***
Autumn:leaves −0.431 0.067 187 *** −0.169 0.089 173 ns −0.330 0.071 187 ***
Late spring:leaves 0.064 0.067 187 ns 0.176 0.091 173 ns −0.280 0.071 187 ***
Summer:leaves −0.048 0.067 187 ns −0.004 0.090 173 ns −0.192 0.071 187 **
Different models were fitted for each species. The estimate value indicates the difference from the reference condition. In both cases the reference tissue was “lig-
notuber,” the reference period was “late winter,” and the reference treatment was “control.” Abbreviations: *0.01 < P < 0.05; **0.001 < P < 0.01; ***P < 0.001; ns,
P > 0.05; –, not included in the best model.
species, old leaves are assumed to play a large role in supplying
carbon and nutrients for newly developing shoots (Chapin et al.,
1990), even though woody structures are also known to con-
tribute to the NSC requirements for spring growth (Cherbuy
et al., 2001; Palacio et al., 2007).
Regarding the composition of NSC (soluble sugars vs. starch),
we observed different dynamics depending on the tissue. On
the one hand, the starch fraction in branches of all species was
highest before bud-break, but during the spring reduction of the
concentration of TNSC the soluble sugars fraction increased,
suggesting that starch was partially mobilized and converted into
soluble sugars to support metabolism during the active spring
period. The high starch concentrations prior to the bud-break
have also been observed in other Mediterranean evergreen
trees (Meletiou-Christou et al., 1994; Cruz and Moreno, 2001),
in evergreen conifers in temperate forests (Hoch et al., 2003)
and in Pinus sylvestris in the dry inner alpine valleys (Gruber
et al., 2012). In the case of leaves, we detected an opposite trend
between Q. ilex and the other two studied species: while in P. lat-
ifolia and A. unedo there was also an increase of the proportion
of soluble sugars in late spring, in Q. ilex this proportion was
significantly reduced, suggesting a lower capacity to mobilize
reserves.
DROUGHT EFFECTS ON NSC CONCENTRATIONS
We found contrasting patterns when comparing the effects
of the drought treatment and the effects of crown condition
on NSC concentrations. On the one hand, a clear association
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FIGURE 4 | Ratio between soluble sugars and total non-structural
carbohydrates (TNSC) in leaves, branches and lignotuber of Arbutus
unedo, Phillyrea latifolia and Quercus ilex in control (black) and drought
(gray) plots. Samples were collected in late winter (lw), in late spring (ls), in
summer (s) and in autumn (a) 2012. Bars represent standard errors (n = 9
individuals).
Table 3 | Summary of the models of NSC as a function of growth (BAI 2010–2013) (A) in branches and (B) in lignotuber for individuals sampled
inside the experimental plots (see text).
TNSC seasonal average TNSC seasonal variation
Fixed effects Estimate SE P-value Estimate SE P-value
(A)
Intercept 7.691 0.239 *** 8.531 0.664 ***
P. latifolia −5.629 0.409 *** −3.104 1.135 **
Q. ilex −1.314 0.333 *** −0.826 0.925 ns
BAI 0.009 0.026 ns −0.067 0.071 ns
P. latifolia:BAI 0.175 0.524 ns 1.051 1.456 ns
Q. ilex:BAI 0.085 0.067 ns 0.267 0.185 ns
(B)
Intercept 14.336 0.871 *** 12.910 1.113 ***
P. latifolia −5.322 1.485 *** −2.425 1.902 ns
Q. ilex 0.453 1.217 ns −4.144 1.551 *
BAI 0.159 0.098 ns −0.107 0.120 ns
P. latifolia:BAI −0.827 1.976 ns 0.345 2.441 ns
Q. ilex:BAI −0.072 0.243 ns 0.181 0.310 ns
One single model was fitted in each case including the three species. The estimate value indicates the difference from the reference species “A. unedo.”
Abbreviations: *0.01 < P <0.05; **0.001 < P < 0.01; ***P < 0.001; ns, P > 0.05; BAI. BASAL area increment.
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FIGURE 5 | (A) Percent dry matter concentrations of total non-structural
carbohydrates (TNSC) and (B) the ratio between soluble sugars and total
non-structural carbohydrates (TNSC) in leaves, branches and lignotuber of
Quercus ilex individuals sampled outside the experimental plots, as a
function of defoliation: healthy canopy with >50% green leaves (black)
and defoliated canopy with <50% green leaves (gray). Samples were
collected in late winter (lw), in late spring (ls), in summer (s) and in
autumn (a) 2012. Asterisks indicate significant differences between
healthy and defoliated individuals (P < 0.05). Bars represent standard
errors (n = 10 individuals).
between lower concentrations of carbon reserves and drought-
induced defoliation was observed in Q. ilex individuals sam-
pled outside the plots. This result is consistent with previous
studies on the same or similar species (Bréda et al., 2006;
Galiano et al., 2012) and adds to the literature linking defo-
liation induced by extreme drought with low NSC concentra-
tions (cf. Galiano et al., 2011; Piper, 2011; Adams et al., 2013;
Galvez et al., 2013; Hartmann et al., 2013; Mitchell et al., 2013).
Although our design does not allow to distinguish unambigu-
ously whether this decline in NSC concentrations is due to a
reduction in carbon uptake (due to reduced photosynthetic area
or low stomatal conductance), to an increase in carbon sinks
(higher use of stored carbon) or both, the fact that starch pro-
portion was lower in defoliated individuals is consistent with
an active mobilization of starch stores, which could eventually
result in reserve depletion. Soluble sugars have been suggested
to be important to maintain cell turgor and may also be critical
to maintain vascular integrity under fluctuating environmental
conditions (Volaire, 1995; Sala et al., 2012). It should be also
noted that defoliated Q. ilex trees were able to produce new
spring leaves with TNSC concentrations similar to healthy indi-
viduals. In any case, low levels of NSC have been associated
with increased risk of drought induced mortality (McDowell
et al., 2008; Galiano et al., 2011), and may compromise long
term resilience to drought or other disturbances in resprout-
ing species such as Q. ilex (Lloret et al., 2004; Galiano et al.,
2012).
On the other hand, the long-term drought experiment did not
result in a consistent depletion of NSC reserves over the course of
the studied year. Some studies examining NSC concentrations in
trees under varying conditions of water availability have provided
evidence that NSC pools in trees are not easily depleted (Körner,
2003; Millard et al., 2007) and that (moderate) drought stress
may lead to growth reductions before any effects are observed
on carbohydrate levels (Millard et al., 2007; Sala and Hoch,
2009; McDowell, 2011; Woodruff and Meinzer, 2011; Anderegg
et al., 2012c; Gruber et al., 2012). We only detected signifi-
cant differences between treatments in the concentrations of
lignotuber reserves in A. unedo. In this species, the lower con-
centrations of NSC in the lignotuber of droughted individuals
was associated with lower growth rates compared to control trees.
These results are suggestive of drought-induced carbon limi-
tation, but they are not conclusive, as the drought treatment
could have also affected biomass allocation to different organs.
Further research should be aimed at scaling up these differ-
ences in NSC at the individual level, accounting for the different
growth rates and biomass of the respective organs under different
treatments.
Interestingly, during the first five years of the drought sim-
ulation experiment, drought plots experienced higher mor-
tality rates in all species (Ogaya and Peñuelas, 2007b) but
considering the whole 14 years treatment period, higher mor-
tality rates in drought plots were only observed in Q. ilex
(Table 1; Barbeta et al., 2013). During the first period (1999–
2002) considered in this study, droughted individuals reduced
stem diameter increment in Q. ilex and especially in A. unedo,
whereas P. latifolia did not experienced any decrease. However,
in the second period studied (2003–2012), the effects of the
drought treatment on growth declined in A. unedo and disap-
peared in Q. ilex, while P. latifolia remained unaffected. The
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Table 4 | Summary of the models for (A) total non-structural
carbohydrates (TNSC) and (B) soluble sugars fraction for Q. ilex
individuals sampled outside the plots (see text).
Fixed effects Estimate SE DF P-value
(A)
(Intercept) 21.857 0.817 204 ***
Defoliated −8.314 0.958 18 ***
Autumn −9.019 1.054 204 ***
Late spring −7.577 1.054 204 ***
Summer −8.481 1.054 204 ***
Branches −6.337 1.021 204 ***
Leaves −13.095 1.021 204 ***
Defoliated:autumn 3.968 1.054 204 ***
Defoliated:late spring 3.722 1.054 204 ***
Defoliated:summer 2.905 1.054 204 **
Defoliated:branches 3.201 0.913 204 ***
Defoliated:leaves 4.316 0.913 204 ***
Autumn:branches 1.379 1.291 204 ns
Late spring:branches −3.525 1.291 204 **
Summer:branches −1.836 1.291 204 ns
Autumn:leaves 4.906 1.291 204 ***
Lates spring:leaves 5.899 1.291 204 ***
Summer:leaves 4.280 1.291 204 **
(B)
(Intercept) 0.109 0.035 209 **
Defoliated 0.126 0.020 18 ***
Autumn 0.322 0.047 209 ***
Late spring 0.117 0.047 209 *
Summer 0.366 0.047 209 ***
Branches −0.001 0.047 209 ns
Leaves 0.551 0.047 209 ***
Autumn:branches 0.021 0.066 209 ns
Late spring:branches 0.484 0.066 209 ***
Summer:branches 0.413 0.066 209 ***
Autumn:leaves −0.289 0.066 209 ***
Lates spring:leaves −0.297 0.066 209 ***
Summer:leaves −0.137 0.066 209 *
The estimate value indicates the difference from the reference condition. In
both cases the reference tissue was “lignotuber,” the reference period was
“late winter,” and the reference canopy state was “healthy.” Abbreviations:
*0.01 < P < 0.05; **0.001 < P < 0.01; *** P < 0.001; ns, P > 0.05.
fact that treatment differences in mortality and growth have
been attenuated 14 years after the beginning of the experi-
ment suggests that stabilizing processes minimizing the effects
of experimental drought have been operating at the stand level
and have mitigated differences between treatments. In addi-
tion, the fact that Q. ilex individuals suffering drought-induced
defoliation in the same study area showed lower NSC levels
(Figure 5) suggests that differences in NSC between drought
treatments might have been initially present but have faded
away as the experimental treatment progressed. Although we
do not have NSC data available during the first years of the
experiment and we did not find a current trade-off between
growth and NSC concentrations, the changes in mortality
and growth during the 14 years of treatment could reflect
a trade-off between short-term growth and survival in the
long-term, as suggested by Sala et al. (2012) and Wiley and
Helliker (2012), so that surviving individuals are those that
managed to maintain NSC concentration above their survival
threshold.
Alternatively, stabilization processes at the population and
community levels could provide effective mechanisms to balance
the effects of increased drought over the mid-term, as recently
proposed by Lloret et al. (2012) and supported by the recent
results by Barbeta et al. (2013) in the same study system. Changes
in growth and mortality rates have resulted in a 11% increase
in basal area in control plots between 1999 and 2013, com-
pared to a mere 2% increase in droughted plots over the same
period (Table 1; Figure 2B). Added to the slightly higher basal
area in control plots at the beginning of the experiment, this dif-
ference has resulted in 25% higher basal area in control plots
by 2013 (Table 1). This difference could result in a proportion-
ally higher decline of resource availability in control plots and
a proportionally higher availability of resources in droughted
plots by the end of the experiment, including nutrients (Sardans
and Peñuelas, 2007), light or even water (on a per capita basis),
as shown by the similar midday leaf water potentials in 2012
between control and drought treatments (Figure 1C). Total basal
area and total tree density have been negatively related to growth
and positively related to mortality in many studies, suggest-
ing that denser stands are indeed more susceptible to drought
(Klos et al., 2009; Galiano et al., 2011, 2012; Vilà-Cabrera et al.,
2011).
In conclusion, our results add to the evidence showing that
defoliation induced by extreme drought events is associated with
low NSC concentrations, potentially hindering the capacity of
individuals to recover after recurrent droughts (cf. Galiano et al.,
2012). At the same time, however, only the lignotuber NSC con-
centrations of one of the three studied species (A. unedo) was
affected 14 years after the beginning of a long-term drought sim-
ulation experiment. We show that stabilizing processes have been
operating to mitigate the demographic impacts observed dur-
ing the first years of drought treatment, and argue that these
same processes could have reduced any impact of drought on
NSC levels at the beginning of the experiment. Our results high-
light the necessity to incorporate long-term experimental studies
to understand the variety of responses under environmental
change, in agreement with previous reports stressing that pre-
dictions of vegetation change due to climate warming based on
experimental manipulation will differ depending on the time
frame of the study (eg., Hollister et al., 2005). The integration
of drought responses at different spatial (from individuals to
communities) and temporal scales remains a challenge to pre-
dict how Mediterranean forests will respond to ongoing climate
change.
ACKNOWLEDGMENTS
This study was supported by the Spanish government through
grants CGL2010-16373 and CGL2010-17172, Consolider Ingenio
MONTES (CSD2008-00040), and by the Catalan government
through grant SGR2009-458.
www.frontiersin.org October 2013 | Volume 4 | Article 400 | 11
Rosas et al. NSC dynamics under experimental drought
REFERENCES
Adams, H. D., Germino, M. J.,
Breshears, D. D., Barron-Gafford,
G. A., Guardiola-Claramonte,
M., Zou, C. B., et al. (2013).
Nonstructural leaf carbohydrate
dynamics of Pinus edulis during
drought-induced tree mortality
reveal role for carbon metabolism
in mortality mechanism. New
Phytol. 197, 1142–1151. doi:
10.1111/nph.12102
Adams, H. D., Guardiola-Claramonte,
M., Barron-Gafford, G. A., Villegas,
J. C., Breshears, D. D., Zou, C.
B., et al. (2009). Temperature
sensitivity of drought-induced
tree mortality portends increased
regional die-off under global-
change-type drought. Proc. Natl.
Acad. Sci. U.S.A. 106, 7063–7066.
doi: 10.1073/pnas.0901438106
Allen, C. D., Macalady, A. K.,
Chenchouni, H., Bachelet, D.,
McDowell, N., Vennetier, M., et al.
(Ted.) (2010). A global overview
of drought and heat-induced tree
mortality reveals emerging cli-
mate change risks for forests. For.
Ecol. Manage. 259, 660–684. doi:
10.1016/j.foreco.2009.09.001
Anderegg, W. R. L. (2012). Complex
aspen forest carbon and root
dynamics during drought.
Clim. Change 111, 983–991.
doi: 10.1007/s10584-012-0421-9
Anderegg, W. R. L., Kane, J. M.,
and Anderegg, L. D. L. (2012a).
Consequences of widespread tree
mortality triggered by drought
and temperature stress. Nat.
Clim. Change 3, 30–36. doi:
10.1038/nclimate1635
Anderegg, W. R. L., Berry, J. A.,
and Field, C. B. (2012b). Linking
definitions, mechanisms, and
modeling of drought-induced
tree death. Trends Plant Sci. 17,
693–700. doi: 10.1016/j.tplants.
2012.09.006
Anderegg, W. R. L., Berry, J. A., Smith,
D. D., Sperry, J. S., Anderegg, L.
D. L., and Field, C. B. (2012c).
The roles of hydraulic and car-
bon stress in a widespread climate-
induced forest die-off. Proc. Natl.
Acad. Sci. U.S.A. 109, 233–237. doi:
10.1073/pnas.1107891109
Barbeta, A., Ogaya, R., and Peñuelas,
J. (2013). Dampening effects of
long-term experimental drought on
growth and mortality rates of a
Holm oak forest. Glob. Change Biol.
19, 3133–3144. doi: 10.1111/gcb.
12269.
Bonan, G. B. (2008). Forests and
climate change: forcings, feed-
backs, and the climate benefits
of forests. Science (New York,
N.Y.) 320, 1444–1449. doi:
10.1126/science.1155121
Bréda, N., Huc, R., Granier, A., and
Dreyer, E. (2006). Temperate for-
est trees and stands under severe
drought: a review of ecophysio-
logical responses, adaptation pro-
cesses and long-term consequences.
Ann. For. Sci. 63, 625–644. doi:
10.1051/forest:2006042
Canadell, J., and López-Soria, L.
(1998). Lignotuber reserves
support regrowth following
clipping of two Mediterranean
shrubs. Funct. Ecol. 12, 31–38. doi:
10.1046/j.1365-2435.1998.00154.x
Canadell, J., and Zedler, P. (1995).
“Belowground structures of woody
plants in Mediterranean ecosys-
tems of Australia, California and
Chile,” in Convergent Evolution
in Mediterranean Ecosystems of
Australia, California and Chile, eds
M. Fox, M. Kailin, and P. Zedler
(Berlin: Springer-Verlag), 177–200.
doi: 10.1007/978-1-4612-2490-7_8
Chapin, F. S., Schulze, E., and Mooney,
H. A. (1990). The ecology and
economics of storage in plants.
Annu. Rev. Ecol. Syst. 21, 423–447.
doi: 10.1146/annurev.es.21.110190.
002231
Cherbuy, B., Joffre, R., Gillon, D.,
and Rambal, S. (2001). Internal
remobilization of carbohydrates,
lipids, nitrogen and phosphorus in
the Mediterranean evergreen oak
Quercus ilex. Tree Physiol. 21, 9–17.
doi: 10.1093/treephys/21.1.9
Choat, B., Jansen, S., Brodribb, T. J.,
Cochard, H., Delzon, S., Bhaskar,
R., et al. (2012). Global con-
vergence in the vulnerability of
forests to drought. Nature 491,
752–755.
Cruz, A., and Moreno, J. (2001).
Seasonal course of total non-
structural carbohydrates in the
lignotuberous Mediterranean-
type shrub Erica australis.
Oecologia 128, 343–350. doi:
10.1007/s004420100664
Dale, V. H., Joyce, L. A., McNulty,
S., and Neilson, R. P. (2000). The
interplay between climate change,
forests, and disturbances. Sci.
Total Environ. 262, 201–204. doi:
10.1016/S0048-9697(00)00522-2
Engelbrecht, B. M. J., Comita, L. S.,
Condit, R., Kursar, T. A., Tyree,
M. T., Turner, B. L., et al. (2007).
Drought sensitivity shapes species
distribution patterns in tropical
forests. Nature 447, 80–82. doi:
10.1038/nature05747
Fettig, C. J., Klepzig, K. D., Billings, R.
F., Munson, A. S., Nebeker, T. E.,
Negrón, J. F., et al. (2007). The effec-
tiveness of vegetation management
practices for prevention and con-
trol of bark beetle infestations in
coniferous forests of the western
and southern United States. For.
Ecol. Manage. 238, 24–53. doi:
10.1016/j.foreco.2006.10.011
Galiano, L., Martínez-Vilalta, J., and
Lloret, F. (2010). Drought-induced
multifactor decline of scots pine in
the pyrenees and potential vegeta-
tion change by the expansion of co-
occurring oak species. Ecosystems
13, 978–991. doi: 10.1007/s10021-
010-9368-8
Galiano, L., Martínez-Vilalta, J., and
Lloret, F. (2011). Carbon reserves
and canopy defoliation determine
the recovery of Scots pine 4 yr
after a drought episode. New Phytol.
190, 750–759. doi: 10.1111/j.1469-
8137.2010.03628.x
Galiano, L., Martínez-Vilalta, J.,
Sabaté, S., and Lloret, F. (2012).
Determinants of drought effects
on crown condition and their rela-
tionship with depletion of carbon
reserves in a Mediterranean holm
oak forest. Tree Physiol. 32, 478–489.
doi: 10.1093/treephys/tps025
Galvez, D. A., Landhäusser, S. M.,
and Tyree, M. T. (2011). Root
carbon reserve dynamics in
aspen seedlings: does simulated
drought induce reserve limitation.
Tree Physiol. 31, 250–257. doi:
10.1093/treephys/tpr012
Galvez, D. A., Landhäusser, S. M.,
and Tyree, M. T. (2013). Low
root reserve accumulation dur-
ing drought may lead to winter
mortality in poplar seedlings.
New Phytol. 198, 139–148. doi:
10.1111/nph.12129
Gruber, A., Pirkebner, D., Florian, C.,
and Oberhuber, W. (2012). No evi-
dence for depletion of carbohydrate
pools in Scots pine (Pinus sylvestris
L.) under drought stress. Plant Biol.
14, 142–148.
Hartmann, H., Ziegler, W., and
Trumbore, S. (2013). Lethal
drought leads to reduction in non-
structural carbohydrates in Norway
spruce tree roots but not in the
canopy. Funct. Ecol. 27, 413–427.
doi: 10.1111/1365-2435.12046
Hoch, G., Popp, M., and Korner,
C. (2002). Altitudinal increase
of mobile carbon pools in Pinus
cembra suggests sink limitation
of growth at the Swiss tree-
line. Oikos 98, 361–374. doi:
10.1034/j.1600-0706.2002.980301.x
Hoch, G., Richter, A., and Korner,
C. (2003). Non-structural
carbon compounds in tem-
perate forest trees. Plant Cell
Environ. 26, 1067–1081. doi:
10.1046/j.0016-8025.2003.01032.x
Hollister, R. D., Webber, P. J., and
Tweedie, C. E. (2005). The
response of Alaskan arctic tun-
dra to experimental warming:
differences between short- and
long-term responses. Glob.
Change Biol. 11, 525–536. doi:
10.1111/j.1365-2486.2005.00926.x
IPCC. (2007). Climate Change 2007:
Synthesis Report. Contribution of
Working Groups I, II and III to
the Fourth Assessment Report of the
Intergovernmental Panel on Climate
Change, eds. R. K. Pachauri and A.
Reisinger, Geneva: IPCC.
Klos, R. J., Wang, G. G., Bauerle, W.
L., and Rieck, J. R. (2009). Drought
impact on forest growth and mor-
tality in the southeast USA: an
analysis using Forest Health and
Monitoring data. Ecol. Appl. 19,
699–708. doi: 10.1890/08-0330.1
Körner, C. (2003). Carbon limitation
in trees. J. Ecol. 91, 4–17. doi:
10.1046/j.1365-2745.2003.00742.x
Körner, C. (2006). Plant CO2
responses: an issue of defini-
tion, time and resource supply.
New Phytol. 172, 393–411. doi:
10.1111/j.1469-8137.2006.01886.x
Lavorel, S. (1999). Ecological diver-
sity and resilience of Mediterranean
vegetation to disturbance. Divers.
Distrib. 5, 3–13. doi: 10.1046/j.1472-
4642.1999.00033.x
Leuzinger, S., Bigler, C., Wolf, A., and
Körner, C. (2009). Poor methodol-
ogy for predicting large-scale tree
die-off. Proc. Natl. Acad. Sci. U.S.A.
106, E106. author reply E107. doi:
10.1073/pnas.0908053106
Lloret, F., Escudero, A., Iriondo, J. M.,
Martínez-Vilalta, J., and Valladares,
F. (2012). Extreme climatic events
and vegetation: the role of stabi-
lizing processes. Glob. Change Biol.
18, 797–805. doi: 10.1111/j.1365-
2486.2011.02624.x
Lloret, F., Siscart, D., and Dalmases,
C. (2004). Canopy recovery
after drought dieback in holm-
oak Mediterranean forests of
Catalonia (NE Spain). Glob.
Change Biol. 10, 2092–2099. doi:
10.1111/j.1365-2486.2004.00870.x
López, B. C., Gracia, C. A., Sabaté, S.,
and Keenan, T. (2009). Assessing the
resilience of Mediterranean holm
oaks to disturbances using selective
thinning. Acta Oecol. 35, 849–854.
doi: 10.1016/j.actao.2009.09.001
Martínez-Vilalta, J., Mangirón, M.,
Ogaya, R., Sauret, M., Serrano, L.,
Peñuelas, J., et al. (2003). Sap flow of
three co-occurring Mediterranean
woody species under varying atmo-
spheric and soil water conditions.
Tree Physiol. 23, 747–758. doi:
10.1093/treephys/23.11.747
Frontiers in Plant Science | Functional Plant Ecology October 2013 | Volume 4 | Article 400 | 12
Rosas et al. NSC dynamics under experimental drought
Martínez-Vilalta, J., Piñol, J., and
Beven, K. (2002). A hydraulic
model to predict drought-
induced mortality in woody
plants: an application to climate
change in the Mediterranean.
Ecol. Modell. 155, 127–147. doi:
10.1016/S0304-3800(02)00025-X
McDowell, N., Beerling, D. J.,
Breshears, D. D., Fisher, R. A.,
Raffa, K. F., and Stitt, M. (2011).
The interdependence of mecha-
nisms underlying climate-driven
vegetation mortality. Trends
Ecol. Evol. 26, 523–532. doi:
10.1016/j.tree.2011.06.003
McDowell, N., Pockman, W. T., Allen,
C. D., Breshears, D. D., Cobb, N.,
Kolb, T., et al. (2008). Mechanisms
of plant survival and mortality dur-
ing drought: why do some plants
survive while others succumb to
drought. New Phytol. 178, 719–739.
doi: 10.1111/j.1469-8137.2008.
02436.x
McDowell, N. G. (2011). Mechanisms
linking drought, hydraulics, carbon
metabolism, and vegetation mortal-
ity. Plant Physiol. 155, 1051–1059.
doi: 10.1104/pp.110.170704
Meletiou-Christou, M. S.,
Rhizopoulou, S., and Dia
mantoglou, S. (1994). Seasonal
changes of carbohydrates, lipids
and nitrogen content in sun and
shade leaves from four mediter-
ranean evergreen sclerophylls.
Environ. Exp. Bot. 34, 129–140. doi:
10.1016/0098-8472(94)90032-9
Millard, Sommerkorn, M., and Grelet,
G.-A. (2007). Environmental
change and carbon limitation
in trees: a biochemical, eco-
physiological and ecosystem
appraisal. New Phytol. 175, 11–28.
doi: 10.1111/j.1469-8137.2007.
02079.x
Mitchell, P. J., O’Grady, A. P., Tissue,
D. T., White, D. A., Ottenschlaeger,
M. L., and Pinkard, E. A. (2013).
Drought response strategies
define the relative contribu-
tions of hydraulic dysfunction
and carbohydrate depletion dur-
ing tree mortality. New Phytol.
197, 862–872. doi: 10.1111/nph.
12064
Mooney, H. (1972). The carbon bal-
ance of plants. Annu. Rev. Ecol. Syst.
3, 315–346. doi: 10.1146/annurev.es.
03.110172.001531
Ogaya, R., and Peñuelas, J. (2007a).
Species-specific drought effects
on flower and fruit production
in a Mediterranean holm oak
forest. Forestry 80, 351–357. doi:
10.1093/forestry/cpm009
Ogaya, R., and Peñuelas, J. (2007b).
Tree growth, mortality, and above-
ground biomass accumulation in
a holm oak forest under a five-
year experimental field drought.
Plant Ecol. 189, 291–299. doi:
10.1007/s11258-006-9184-6
Ogaya, R., Peñuelas, J., Martı ìnez-
Vilalta, J., andMangirón, M. (2003).
Effect of drought on diameter incre-
ment of Quercus ilex, Phillyrea lati-
folia, and Arbutus unedo in a holm
oak forest of NE Spain. For. Ecol.
Manage. 180, 175–184. doi: 10.1016/
S0378-1127(02)00598-4
Olano, J. M., Menges, E. S.,
and Martínez, E. (2006).
Carbohydrate storage in five
resprouting Florida scrub plants
across a fire chronosequence.
New Phytol. 170, 99–105. doi:
10.1111/j.1469-8137.2005.01634.x
Palacio, S., Millard, P., Maestro, M., and
Montserrat-Martí, G. (2007). Non-
structural carbohydrates and nitro-
gen dynamics in mediterranean
sub-shrubs: an analysis of the func-
tional role of overwintering leaves.
Plant Biol. 9, 49–58. doi: 10.1055/s-
2006-924224
Peñuelas, J., Lloret, F., and Montoya,
R. (2001). Severe drought effects
on Mediterranean woody flora in
Spain. For. Sci. 47, 214–218.
Piper, F. I. (2011). Drought induces
opposite changes in the con-
centration of non-structural
carbohydrates of two evergreen
Nothofagus species of differential
drought resistance. Ann. For. Sci. 68,
415–424. doi: 10.1007/s13595-011-
0030-1
Rigling, A., Bigler, C., Eilmann, B.,
Feldmeyer-Christe, E., Gimmi, U.,
Ginzler, C., et al. (2013). Driving
factors of a vegetation shift from
Scots pine to pubescent oak in dry
Alpine forests.Glob. Change Biol. 19,
229–240. doi: 10.1111/gcb.12038
Sala, A. (2009). Lack of direct evidence
for the carbon-starvation hypothe-
sis to explain drought-inducedmor-
tality in trees. Proc. Natl. Acad. Sci.
U.S.A. 106, E68. author reply E69.
doi: 10.1073/pnas.0904580106
Sala, A., and Hoch, G. (2009).
Height-related growth declines
in ponderosa pine are not due
to carbon limitation. Plant
Cell Environ. 32, 22–30. doi:
10.1111/j.1365-3040.2008.01896.x
Sala, A., Piper, F., and Hoch, G.
(2010). Physiological mechanisms
of drought-induced tree mortal-
ity are far from being resolved.
New Phytol. 186, 274–281. doi:
10.1111/j.1469-8137.2009.03167.x
Sala, A., Woodruff, D. R., and Meinzer,
F. C. (2012). Carbon dynamics in
trees: feast or famine. Tree Physiol.
32, 764–775. doi: 10.1093/treephys/
tpr143
Sardans, J., and Peñuelas, J. (2007).
Drought changes phosphorus and
potassium accumulation patterns in
an evergreen Mediterranean for-
est. Funct. Ecol. 21, 191–201. doi:
10.1111/j.1365-2435.2007.01247.x
Shaw, J., Steed, B., and DeBlander,
L. (2005). Forest Inventory and
Analysis (FIA) annual inventory
answers the question: what is hap-
pening to pinyon-juniper wood-
lands. J. For. 103, 280–285.
Sheil, D., Burslem, D. F. R. P., and Alder,
D. (1995). The interpretation and
misinterpretation of mortality rate
measurements. J. Ecol. 83, 331–333.
doi: 10.2307/2261571
Sparks, J. P., and Black, R. A. (1999).
Regulation of water loss in popu-
lations of Populus trichocarpa: the
role of stomatal control in prevent-
ing xylem cavitation. Tree Physiol.
19, 453–459. doi: 10.1093/treep-
hys/19.7.453
Tyree, M., and Sperry, J. (1989).
Vulnerability of xylem to cav-
itation and embolism. Annu.
Rev. Plant Biol. 40, 19–38.
doi: 10.1146/annurev.pp.40.060189.
000315
Verdaguer, D., and Ojeda, F. (2002).
Root starch storage and allo-
cation patterns in seeder and
resprouter seedlings of two
Cape Erica (Ericaceae) species.
Am. J. Bot. 89, 1189–1196. doi:
10.3732/ajb.89.8.1189
Vilà-Cabrera, A., Martínez-Vilalta,
J., Vayreda, J., and Retana, J.
(2011). Structural and climatic
determinants of demographic rates
of Scots pine forests across the
Iberian Peninsula. Ecol. Appl. 21,
1162–1172. doi: 10.1890/10-0647.1
Volaire, F. (1995). Growth, carbo-
hydrate reserves and drought
survival strategies of contrasting
dactylis glomerata populations
in a Mediterranean environment.
J. Appl. Ecol. 32, 56–66. doi:
10.2307/2404415
Westman, W. E. (1986). “Resilience:
concepts and measures,” in
Resilience in the Mediterranean-
type Ecosystems. eds B. Dell, A. J.
M. Hopkins, and B. B. Lamont
(Dordrecht: Junk Publishers), 5–19.
Wiley, E., and Helliker, B. (2012). A re-
evaluation of carbon storage in trees
lends greater support for carbon
limitation to growth. New Phytol.
195, 285–289. doi: 10.1111/j.1469-
8137.2012.04180.x
Woodruff, D. R., and Meinzer, F. C.
(2011). Water stress, shoot growth
and storage of non-structural
carbohydrates along a tree height
gradient in a tall conifer. Plant
Cell Environ. 34, 1920–1930. doi:
10.1111/j.1365-3040.2011.02388.x
Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.
Received: 30 April 2013; accepted: 20
September 2013; published online: 11
October 2013.
Citation: Rosas T, Galiano L, Ogaya R,
Peñuelas J andMartínez-Vilalta J (2013)
Dynamics of non-structural carbohy-
drates in three Mediterranean woody
species following long-term experimen-
tal drought. Front. Plant Sci. 4:400. doi:
10.3389/fpls.2013.00400
This article was submitted to Functional
Plant Ecology, a section of the journal
Frontiers in Plant Science.
Copyright © 2013 Rosas, Galiano,
Ogaya, Peñuelas and Martínez-Vilalta.
This is an open-access article dis-
tributed under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction
in other forums is permitted, provided
the original author(s) or licensor are
credited and that the original publica-
tion in this journal is cited, in accor-
dance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with
these terms.
www.frontiersin.org October 2013 | Volume 4 | Article 400 | 13
Rosas et al. NSC dynamics under experimental drought
APPENDIX
Table A1 | Summary of the model for midday water potentials.
Fixed effects Estimate SE DF P-value
Intercept −1.633 0.146 55 ***
P. latifolia −0.067 0.206 55 n.s.
Q. ilex −0.317 0.206 55 n.s.
Spring −0.350 0.206 55 n.s.
Summer −1.450 0.206 55 ***
Winter −0.733 0.206 55 ***
P. latifolia:Spring 0.100 0.292 55 n.s.
Q. ilex: Spring 0.483 0.292 55 n.s.
P. latifolia:Summer −1.767 0.292 55 ***
Q. ilex:Summer 0.167 0.292 55 n.s.
P. latifolia:Winter 0.767 0.292 55 *
Q. ilex:Winter 0.633 0.292 55 *
The reference specie was “A. unedo” and the reference season was “autumn.” The treatment effect was not included in the best model. Abbreviations: *0.01 < P
< 0.05; ***P < 0.001; ns, P > 0.05.
Table A2 | Summary of the model for BAI growth.
Fixed effects Estimate SE DF P-value
Intercept 0.387 0.043 15231 ***
A. unedo 0.797 0.075 1299 ***
P. latifolia −0.284 0.054 1299 ***
Drought −0.193 0.063 4 *
Period 2003–2012 0.080 0.026 15231 **
A. unedo: Drought −0.609 0.120 1299 ***
P. latifolia: Drought 0.209 0.078 1299 **
A. unedo: Period 2003–2012 −0.383 0.056 15321 ***
P. latifolia: Period 2003–2012 −0.082 0.038 15321 *
Drought: Period 2003–2012 0.157 0.039 15321 ***
A. unedo: Drought: Period 2003–2012 0.144 0.089 15321 n.s.
P. latifolia:Drought: Period 2003–2012 −0.141 0.054 15321 **
The reference specie was “Q. ilex,” the reference period was “1999–2002,” and the reference treatment was “control.” Abbreviations: *0.01 < P < 0.05; **0.001
< P < 0.01; ***P < 0.001; ns, P > 0.05.
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Table A3 | Summary of the models for total non-structural
carbohydrates within 4 AIC units of the model with lowest AIC for (A)
Arbutus unedo, (B) Phyllirea latifolia and (C) Quercus ilex.













Late spring:Branches n.s. n.s
Summer:Branches + +
Autumn:leaves + +










AIC 1082 1081 1082
Intercept + + +
Treatment n.s. n.s. n.s.
Autumn − − −
Late spring − − −
Summer − − −
Branches − − −
Leaves − − −
BAI n.s. n.i. n.i.
BA n.i. n.i. n.i.
Treatment:autumn n.s. n.s. n.s.
Treatment:late spring + + +
Treatment:summer n.s. n.s. n.s.
Treatment:branches n.s. n.s. n.i.
Treatment:leaves n.s. n.s. n.i.
Treatment:BA n.i. n.i. n.i.
Treatment:BAI n.i. n.i. n.i.
Autumn:Branches + + +
Late spring:Branches n.s. n.s. n.s.
Summer:Branches n.s. n.s. n.s.
Autumn:leaves + + +
Late spring:leaves + + +
Summer:leaves + + +
(Continued)
Table A3 | Continued
Model 1 Model 2 Model 3
(C)
AIC 1004 1004 1006
Intercept + + +
Treatment n.s n.s. n.s
Autumn − − −
Late spring − − −
Summer − − −
Branches − − −
Leaves − − −
BAI n.i. n.i. n.i.
BA n.i n.i n.i
Treatment:autumn n.s. n.s. n.i
Treatment:late spring n.s. n.s. n.i
Treatment:summer n.s. n.s. n.i
Treatment:branches n.s. n.i. n.i
Treatment:leaves n.s. n.i. n.i
Treatment:BA n.i n.i n.i
Treatment:BAI n.i n.i n.i
Autumn:Branches n.s. n.s. n.s.
Late spring:Branches − − −
Summer:Branches n.s. n.s. n.s.
Autumn:leaves n.s. n.s. n.s.
Late spring:leaves + + +
Summer:leaves n.s n.s. n.s
The last model (shaded) corresponds to the one selected. In all cases the ref-
erence tissue was “lignotuber,” the reference period was “late winter,” and the
reference treatment was “control.” Abbreviations: +, positive effect; −, nega-
tive effect; n.s., not significant; n.i., not included in the model; BAI, basal area
increment; BA, basal area.
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FIGURE A1 | Photographs of the drought experimental plots.
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